Abstract Rationale: Orphanin FQ (OFQ; also known as nociceptin), the endogenous ligand of the opioid receptor-like receptor, injected intracerebroventricularly (i.c.v.) decreases basal motor activity and basal extracellular levels of dopamine (DA) in the nucleus accumbens (Nuc Acc) in rats. Objective: The present study was designed to determine if OFQ similarly attenuates cocaineinduced motor stimulation and to determine if this effect is dependent on attenuation of the increase in extracellular DA. Methods: After a 1-h adaptation period, rats were injected with either artificial cerebrospinal fluid or OFQ (3-30 nmol, i.c.v.) 5 min prior to cocaine (10 mg/kg, i.p.) or apomorphine (3 mg/kg, i.p.) administration and the total distance traveled was measured for a further 1 h. In a separate experiment, changes in extracellular DA were monitored by microdialysis following cocaine and OFQ treatment in anesthetized rats. Results: OFQ dose-dependently attenuated both basal and cocaine-induced motor stimulation. OFQ (30 nmol, i.c.v.) also attenuated both the basal and the cocaine-induced increase in extracellular DA in the Nuc Acc. OFQ, at the highest dose, also decreased the motor stimulation induced by apomorphine. Conclusions: Our results suggest that the modulatory effect of OFQ on locomotor activity is not solely due to its inhibitory action on extracellular DA in the Nuc Acc.
Introduction
A large body of evidence suggests that an enhanced dopaminergic (DA-ergic) neurotransmission in certain forebrain areas is a critical factor in mediating the rewarding effects of psychostimulants, opiates, and other abused drugs. In particular, an increase in the activity of the mesoaccumbens axis, originating in the ventral tegmental area (VTA) and projecting to the nucleus accumbens (Nuc Acc), has been associated with drug reward (reviewed by Koob 1992) . Conversely, a decrease in extracellular dopamine (DA) in the Nuc Acc is believed to mediate the aversive effects of certain drugs (reviewed by Herz 1998). Thus, modulation of DA-ergic neurotransmission along the mesoaccumbens axis could be a therapeutic intervention for management of drug dependency and addiction. However, there is still no convincing evidence that shows that DA-ergic drugs are successful as therapies for drug dependency (reviewed by Johanson and Fischman 1989) .
Opioid drugs have been shown to modulate DA-ergic neurotransmission. Mu and delta opioid receptor agonists increase, whereas kappa opioid receptor agonists decrease extracellular DA in the Nuc Acc (Di Chiara and Imperato 1988; Spanagel et al. 1992) . A new member of the opioid receptor family has been characterized (Bunzow et al. 1994; Chen et al. 1994; Fukuda et al. 1994; Mollereau et al. 1994) . The term opioid receptorlike (ORL-1) receptor was coined for this new member of the guanine regulatory (G) protein-coupled receptors because, despite structural similarities with classical opioid receptors, the ORL-1 receptor does not bind opiate drugs with appreciable affinity. The mRNA for the ORL-1 receptor is widely distributed in the central nervous system and in particular in areas involved in motivational and emotional behaviors (Mollereau et al. 1994; Peluso et al. 1998) . Orphanin FQ (OFQ; also known as nociceptin), the heptadecapeptide endogenous ligand of the ORL-1 receptor, shows structural similarities to the endogenous opioid peptides and to dynorphin A (1-17) in particular. Similarly to dynorphin A (1-17) and other kappa opioid receptor agonists, OFQ has been shown to decrease extracellular DA in the Nuc Acc after intracerebroventricular (i.c.v.; Murphy et al. 1996) or intra-VTA injection (Murphy and Maidment 1999) . Consistent with these neurochemical studies, behavioral experiments have shown that OFQ suppresses basal motor activity in rats (Devine et al. 1996b ).
The ability of dynorphin A and other kappa opioid receptor agonists to decrease DA-ergic neurotransmission in the Nuc Acc (Di Chiara and Imperato 1988; Spanagel et al. 1992) led to the suggestion that these agents may be useful in cocaine addiction and psychosis. This is due to the fact that in both conditions hyperactivity of mesolimbic DA-ergic neurons is hypothesized (Matthysse 1973; Stevens 1973; Hokfelt et al. 1974; Post and Contel 1983; Robinson and Becker 1986; Robinson and Berridge 1993) . However, the aversive properties of these agents would be predicted to hinder their therapeutic usefulness (reviewed by Herz 1998). OFQ, on the other hand, is apparently devoid of such side effects in rats (Devine et al. 1996a ). Agonists at the ORL-1 receptor may therefore prove useful clinically.
Cocaine, by inhibiting the DA transporter at the synaptic terminals, elevates extracellular DA (Ritz et al. 1987; Reith 1988 ) which can be modeled as a hyperactive state of DA-ergic neurotransmission. We took advantage of this model to further examine the regulatory role of OFQ on the DA system. Therefore, the present investigation was designed to determine the ability of OFQ to attenuate the DA elevation and motor stimulation induced by acute cocaine administration. For comparison, the effect of OFQ was also examined on apomorphine-induced hyperactivity to determine if the effect of OFQ on motor behavior is solely mediated by a decrease in extracellular DA.
Materials and methods

Subjects
Male Sprague-Dawley rats (180-200 g) obtained from Harlan (Madison, Wis., USA) were kept under a 12-h light/dark cycle with food and water ad libitum. All experiments were conducted during the light cycle. A total of 209 rats were used for these experiments. Each of the five sets of experiments described were conducted in separate groups of rats. Moreover, each rat was used only once within each experiment. To determine the effect of various drugs on motor activity, each set consisted of 4 rats in which 1 rat of each group was included in every set. For measurement of extracellular DA, microdialysis was conducted in pairs of anesthetized rats in which 1 rat of each group was run side by side each day.
Surgical and microdialysis procedures
For i.c.v. guide cannula implantation, rats were anesthetized with halothane in a mixture (1:1) of oxygen and nitrous oxide and placed in a stereotaxic frame. The skull was exposed and a 22G guide cannula (ID=0.39 mm; OD=0.71 mm; Plastic One, Roanoke, Va., USA) was implanted into the right lateral ventricle using the following coordinates according to the atlas of Paxinos and Watson (1986) : AP=-0.8 mm; ML=+1.4 mm; DV=-3.5 mm. The guide cannula was secured to the skull by dental cement and two metallic screws. Rats were allowed at least 3 days to recover from the surgery. For microdialysis experiments, naive rats were anesthetized with halothane in a mixture of oxygen and nitrous oxide and a guide cannula was implanted in one of the lateral ventricles. On the contralateral side, a 2-mm microdialysis probe (concentric design, PAN AN69), continuously perfused with artificial cerebrospinal fluid (aCSF) at 2.0 µl/min, was lowered into the Nuc Acc. The coordinates, according to the atlas of Paxinos and Watson (1986) , were AP=-0.8; ML=±1.4 mm; DV=-3.5 mm and AP=+1.6 mm; ML=±1.6 mm; DV=-7.5 mm, respectively, for i.c.v. and Nuc Acc.
Verification of probe placement and site of injection
At the end of each experiment, rats were anesthetized with an overdose of pentobarbital (50 mg/kg, i.p.), injected with 2 µl cresyl violet through the microdialysis probe or i.c.v. guide cannula and the brains were removed for sectioning and examination of probe/guide cannula placement. On the basis of such examination, eight rats in which either the microdialysis probe placement (three rats) or the guide cannula (five rats) was outside of the target region were removed from the data analysis.
Experiment 1: effects of OFQ on motor stimulatory effects of cocaine Initially a dose-response for the motor stimulatory effect of cocaine alone in uncannulated naive rats was conducted in order to determine a submaximal non-stereotypic-inducing dose of cocaine for use in subsequent studies with OFQ. Rats were adapted to circular testing chambers (34 cm diameter × 30 cm high made of gray plastic) for 1 h. Rats were then temporarily removed from the testing chambers, randomly assigned, and injected with either saline (n=6 rats) or cocaine (3, 10, or 30 mg/kg, i.p.; n=8, 10, and 9 rats, respectively). The rats were immediately returned to the testing chambers and total horizontal distance (cm) traveled was measured for 1 h using a Videomax-V motor activity apparatus (Columbus Instruments, Ohio, USA). In subsequent studies, a different set of rats was cannulated as described above and, 4 days later, tested for the effect of OFQ on cocaine-induced motor stimulation. Rats were adapted to the testing chambers for 1 h. Rats were then injected with either aCSF (10 µl; n=13 rats) or OFQ (3, 10, or 30 nmol/10 µl, i.c.v.; n=11, 7, and 15 rats, respectively) 5 min prior to cocaine (10 mg/kg, i.p.) administration and total horizontal distance (cm) traveled was recorded for a further 1 h. Experiment 2: effects of OFQ on cocaine-induced changes in Nuc Acc extracellular DA After a 2-h postimplantation stabilization period, dialysis samples were collected from the Nuc Acc at 15-min intervals while the rats were maintained under anesthesia. Three baseline samples were collected after which rats were injected i.c.v. with either aCSF (10 µl; n=6 rats) or OFQ (30 nmol/10 µl, n=7 rats) and 5 min later with cocaine (10 mg/kg, i.p.). Seven more samples were collected. All samples were stored at -70°C prior to assay for DA by highperformance liquid chromatography with electrochemical detection as described previously (Murphy and Maidment 1999) .
Experiment 3: effects of OFQ on motor stimulatory effects of apomorphine Similar to the cocaine experiments (see above), a dose-response study was first conducted for apomorphine alone (1, 3, or 10 mg/kg, i.p.; n=10, 6, and 8 rats, respectively) in naive rats. Control rats received saline (n=8 rats). In subsequent studies, a different set of rats was cannulated and, 4 days later, tested for the effect of OFQ on motor stimulation induced by a submaximal dose of apomorphine. Rats were adapted to the testing chambers for 1 h. Rats were injected with either aCSF (10 µl; n=11 rats) or OFQ (3, 10, or 30 nmol/10µl, i.c.v., n=6, 6 , and 10 rats, respec-tively) 5 min prior to apomorphine (3 mg/kg, i.p.) administration and the total distance traveled (cm) was recorded for 1 h. Experiment 4: effects of i.c.v. OFQ on basal motor activity Rats were cannulated and, 4 days later, adapted to the testing chambers for 1 h. Rats were then injected i.c.v. with either aCSF (10 µl; n=9 rats) or OFQ (3, 10, or 30 nmol/10 µl; n=8, 7, and 9 rats, respectively) and total distance (cm) traveled was recorded for a further 1 h. Experiment 5: effects of i.c.v. OFQ on basal extracellular DA in the Nuc Acc Naive rats were prepared for microdialysis and i.c.v. injection as described for experiment 2. After a 2-h postimplantation stabilization period, three baseline microdialysis samples (15 min each) were collected following which rats were injected i.c.v. with either aCSF (10 µl; n=5 rats) or OFQ (30 nmol/10 µl, n=6 rats) and three further samples were then collected. Samples were frozen and stored at -70°C prior to DA analysis as described (Murphy and Maidment 1999) .
Data analysis
Motor activity data were analyzed using a one-way analysis of variance (ANOVA) followed by a Newman-Keuls post hoc test. Microdialysis data were normalized as percent of the final baseline sample prior to aCSF/OFQ treatment and the postinjection values were analyzed using repeated-measure ANOVAs in which the factors were treatment (aCSF or OFQ) and time after drug administration. P<0.05 was considered statistically significant.
Drugs
Cocaine (Sigma, St. Louis, Mo., USA) and apomorphine (Research Biochemicals International, Natick, Mass., USA) were dissolved in saline prior to i.p. administration. OFQ (Phoenix Pharmaceuticals, Mountain View, Calif., USA) was dissolved in aCSF for i.c.v. injection. The composition of aCSF in mM was: NaCl (125); KCl (2.5); NaH 2 PO 4 (0.9); Na 2 HPO 4 (5); MgCl 2 (1); D-glucose (2.5); CaCl 2 (1.2); bovine serum albumin (0.025%). A 30G needle that extended 0.5 mm beyond the tip of the guide cannula was used for i.c.v. injection. OFQ or aCSF was injected in a volume of 10 µl over 40 s. The microinjection needle was removed after an additional 20 s.
Results
Experiment 1: effects of OFQ on motor stimulatory effects of cocaine Cocaine increased the total distance traveled during the 1-h recording period in a dose-dependent fashion [F(3,29)=11.64, P<0.05]. The post hoc Newman-Keuls test revealed that cocaine increased motor activity at the two higher doses (10 and 30 mg/kg) as compared to the saline-treated control group (Table 1; P<0.05) . In addition, the effect of cocaine at the highest dose was significantly greater than the two lower doses of the drug (P<0.05). The effect of OFQ on motor stimulation induced by a submaximal dose of cocaine (10 mg/kg, i.p.) is illustrated in Fig. 1 . Analysis of the data by a one-way ANOVA revealed that OFQ attenuated the motor stimulatory effect of cocaine in a dose-dependent manner [F(3,42)=7.61, P<0.05]. Further analysis of the data using the post hoc Newman-Keuls test showed that OFQ, at 10 and 30 nmol, significantly decreased the motor stimulatory effect of cocaine (P<0.05). In addition, the effect of OFQ was significantly different at the highest dose than the lowest dose of the drug (P<0.05; Fig. 1 ).
Experiment 2: effects of OFQ on cocaine-induced changes in Nuc Acc extracellular DA The effect of OFQ at the highest dose tested in the behavioral study (30 nmol, i.c.v.) was also examined on the increase in Nuc Acc extracellular DA induced by cocaine (10 mg/kg) in anesthetized rats (Fig. 2) . A repeated-measure ANOVA revealed a significant effect of time [F(6,66)=9.77, P<0.05] , indicating that extracellular DA was increased by cocaine across control and OFQ-treated groups. Furthermore, there was a significant effect of treatment [F(1,11)=4.71, P<0.05], indicating that the effect of cocaine was significantly attenuated in the OFQ-treated group. There was, however, no at the two higher doses (3 and 10 mg/kg) produced a significant increase in motor activity as compared to the saline-treated control group (P<0.05). Furthermore, the effect of the highest dose of apomorphine (10 mg/kg) was significantly greater than the two lower doses of the drug (P<0.05; Table 1 ). The effect of OFQ was also studied on motor stimulation induced by a submaximal dose of apomorphine (3 mg/kg, i.p.; Fig. 1 ). OFQ significantly reduced the motor stimulatory effect of apomorphine in a dose-dependent manner [F(3,29)=3.62, P<0.05] . Further analysis of the data using the post hoc Newman-Keuls test showed that OFQ attenuated the motor stimulatory effect of apomorphine only at the highest dose (P<0.05). 
Discussion
The main finding of the present investigation is that OFQ attenuated both the motor stimulatory and extracellular DA elevating effect of cocaine, an inhibitor of the DA transporter. Furthermore, OFQ decreased the motor stimulatory effect of apomorphine, a direct DA receptor agonist, the effect of which is independent of changes in extracellular DA levels. Opioid drugs have been shown to modulate DA-ergic neurotransmission. For example, mu and delta opioid receptor agonists increase extracellular DA in the Nuc Acc. However, agonists of the kappa opioid receptor decrease extracellular DA (Di Chiara and Imperato 1988; Spanagel et al. 1992) . OFQ, characterized as the endogenous agonist of the ORL-1 receptor, shows structural similarities to opioid peptides and in particular to dynorphin A (1-17) (Meunier et al. 1995; Reinscheid et al. 1995) . Interestingly, OFQ administration has also been shown to suppress basal motor activity (Devine et al. 1996b ) and reduces basal extracellular DA in the Nuc Acc of anesthetized rats (Murphy et al. 1996) after i.c.v. administration. These findings were reproduced in the present study.
In order to further our understanding of the mechanism of action of OFQ on the DA system, the effect of OFQ was evaluated on cocaine-induced motor stimulation and cocaine-induced increases in extracellular DA. I.c.v. administration of OFQ profoundly attenuated the motor stimulatory effect of cocaine in a dose-dependent manner. The amplitude of this reduction could not be accounted for simply by the effect on basal motor activity which was considerably smaller. Moreover, the dose-response relationship was different for the two effects with OFQ at the lowest dose maximally blocking basal motor activity but having no significant effect on the motor stimulatory effect of cocaine. It should also be noted that hind limb flaccidity frequently observed at higher doses (Devine et al. 1996b) was not apparent at the doses used in this study.
I.c.v. application of OFQ also attenuated the cocaineinduced increase in extracellular DA in the Nuc Acc in anesthetized rats, indicating that OFQ may produce its action on motor behavior by a DA-dependent mechanism on the mesoaccumbens axis. Consistent with this notion, we have found that administration of OFQ in the VTA attenuates basal motor activity (Lutfy et al. 2000) . Furthermore, our laboratory has previously shown that OFQ administered in the VTA suppresses extracellular DA in the Nuc Acc in anesthetized rats (Murphy and Maidment 1999) . However, the observation that OFQ also attenuated the motor stimulatory effect of the direct DA D 1 /D 2 receptor agonist, apomorphine, suggests that OFQ may exert its motor behavioral action independent of reduction in extracellular DA. Since there is no evidence of a direct interaction of OFQ with DA receptors and given OFQ's action as an inhibitory modulator of neurotransmission (Murphy et al. 1996; Nicol et al. 1997) , the most likely explanation is that OFQ is inhibiting neurons normally activated, either directly or indirectly, by DA receptor stimulation. The lack of motor effects following OFQ injection into the Nuc Acc (Stratford et al. 1997) suggests the need to consider other motor brain regions beyond the Nuc Acc in the search for OFQ's site of action in this regard. For example, OFQ has been shown to decrease glutamate release in cortical slices (Nicol et al. 1997) .
In summary, our results suggest that the action of OFQ on motor behavior may not be solely mediated by decreases in extracellular DA in the Nuc Acc but rather may involve a combination of actions on the mesoaccumbens axis and at other motor regulatory regions distal to postsynaptic DA receptors.
